Until recently, molecular imaging using magnetic resonance (MR) has been limited by the modality's low sensitivity, especially with non-proton nuclei. The advent of hyperpolarized (HP) MR overcomes this limitation by substantially enhancing the signal of certain biologically important probes through a process known as external nuclear polarization, enabling real-time assessment of tissue function and metabolism. The metabolic information obtained by HP MR imaging holds significant promise in the clinic, where it could play a critical role in disease diagnosis and therapeutic monitoring. This review will provide a comprehensive overview of the developments made in the field of hyperpolarized MR, including advancements in polarization techniques and delivery, probe development, pulse sequence optimization, characterization of healthy and diseased tissues, and the steps made towards clinical translation.
Introduction
Molecular imaging refers to a gamut of imaging modalities that -as succinctly defined by the Radiological Society of North America (RSNA) -"directly or indirectly monitor or record the spatiotemporal distribution of molecular or cellular processes for biochemical, biologic, diagnostic, or therapeutic applications" [1] . Numerous modalities fit this description, most prominently positron emission tomography (PET) and single photon emission computed tomography (SPECT), both of which are commonly used in the clinic for diagnosing several disorders and monitoring therapeutic response [2] . More recently, fluorescent and bioluminescence optical imaging have allowed high-sensitivity molecular imaging in pre-clinical research, while computed tomography (CT) -traditionally considered a structural imaging tool -is now being used as a molecular imaging modality with the advent of cell-and tissue-specific nanoparticles and as a combined modality with PET or SPECT [3, 4] .
Clinical use of magnetic resonance imaging (MRI) has largely been limited to structural assessment. However, proton ( 1 H), sodium ( 23 Na), phosphorus ( 31 P), and carbon ( 13 C) MRI/ nuclear magnetic resonance (NMR) are extensively used as molecular imaging tools in pre-clinical studies in animals and cells. In these studies, the modality's foremost limitation -its low sensitivity -can be overcome by the use of longer scan times and signal averaging [5] [6] [7] . As such, molecular MRI/ NMR using conventional thermally polarized nuclei is limited to probing quasi-steady-state metabolism. The advent of hyperpolarized (HP) MRI/NMR overcomes this limitation by substantially enhancing the signal of certain biologically important probes through a process known as external nuclear polarization, enabling real-time molecular imaging with unprecedented temporal resolution. The information obtained by HP MR has significant promise in the clinic, where imagingderived metabolomics could play a critical role in disease diagnosis and therapeutic monitoring. Hyperpolarized MR is a burgeoning field in which investigators continue to make rapid advancements in an array of areas, which include polarization techniques and delivery, probe development, pulse sequence optimization, characterization of healthy and diseased tissues, and clinical translation. In light of the rapidly changing and multifarious nature of this technology, this review aims to provide a comprehensive overview of the current state of molecular imaging using HP MR, the developments that have led to this point, and the central challenges that hyperpolarized technology faces as it moves towards making a clinical impact.
Molecular imaging using non-MR modalities
Several well-established molecular imaging techniques are actively used in basic and clinical research. This section describes applications of each technology, their advantages and limitations, and how they differ from HP MRI/NMR.
PET and SPECT
Positron emission tomography (PET) and single photon emission computed tomography (SPECT) use radioactively labeled metabolic tracers (e.g., 18F-FDG,) to probe the cellular uptake of their analogous biologically relevant molecules (e.g., glucose). Both techniques are widely used in clinical [2, 8, 9] and pre-clinical [10] [11] [12] [13] scenarios for a broad range of applications including, but not limited to, the diagnosis, staging, and monitoring of a variety of cancers [14] [15] [16] [17] [18] , drug development -e.g., probing the bio-distribution of new pharmaceuticals [19] -and neuroimaging [20] .
Although PET and SPECT provide high sensitivity for detection, they suffer from poor spatial resolution [4, 21] . As a result CT or MRI are used for accurate reconstruction and anatomical localization of tracers [22] . Another major shortcoming of both modalities is that they are limited to revealing abnormalities in the uptake or retention of the tracers; they are unable to reveal changes in downstream metabolites that may be crucial to the diagnosis and staging of diseases.
On the other hand, hyperpolarized MRI -which probes analogous pathways to PET -highlights alterations in downstream metabolites using their unique 13 C NMR resonance frequencies, thus providing non-invasive interrogation of the size of metabolite pools and the flux through their corresponding pathways [23] . However, unlike PET and SPECT, absolute quantification of HP MR substrates can be challenging due to variations in polarization level and the use of super physiological concentrations of administered agents [24] . Furthermore, despite the large signal gains achieved using hyperpolarization, the near-unity photon detection efficiency of radionuclide agents is not achievable. Nevertheless, hyperpolarized probes can provide complementary imaging information that address the same diagnostic imaging goals as PET and SPECT.
Fluorescence and bioluminescence tomography
Optical tomography is widely used for the preclinical study of biology and pathology. The major optical techniques, fluorescence and bioluminescence tomography, are based on different underlying mechanisms, but have similar applications and limitations. Fluorescence tomography uses injected or genetically inserted dyes and proteins which fluoresce at different wavelengths than normal tissue to tag specific cells or molecules and track their distribution, while bioluminescence tomography utilizes the intrinsic light emission of select molecules to similar effect [4, 25] . In the latter case, light is produced when the light emitting pigment luciferin is catalyzed by the enzyme luciferase, which is produced by genetically modified cells that synthesize the enzyme.
Optical imaging benefits from minimal background tissue radiation and high photon detection efficiency, and therefore generally has an excellent signal-to-noise (SNR). Both modalities offer spatial resolution of approximately 2-3 mm. However, the need for genetic modification of the cells to allow targeted molecular imaging limits their use within human patients; this is particularly an issue with bioluminescence imaging. Additionally, optical techniques suffer from low tissue penetrance and the related need for a high concentration of imaging agent to successfully perform studies of deeper tissue. There has recently been an interest in using fluorescent probes in applications that circumvent this limitation, such as for more accurate identification of malignancies during surgical resection [26] . While PET and hyperpolarized MRI interrogate analogous pathways, those targeted by optical imaging are typically very different, and as such the modality can provide distinct and perhaps complementary molecular information to the former two modalities.
Computed tomography
Computed tomography (CT) has not traditionally been considered as a molecular imaging technique. However, recent developments in nanoparticle-bound contrast agents (CAs) have allowed for selective imaging of specific cell tissues and molecules using CT. Iodinated nanoparticles, for example, can change the biodistribution of the iodine upon injection depending on the characteristics of the nanoparticle. This method has shown promise both in improving upon traditional CAs in blood pool imaging and in specifically labeling certain cell types in various applications including studying angiogenesis in tumor growth and response to therapy [27] [28] [29] [30] [31] . Iodinated nanoparticles have also been labeled with antibodies to increase their molecular specificity to probe expression of particular proteins [32] . Gold nanoparticles have also become popular due to their easy synthesis and low toxicity [33] . These particles have also shown promise in vascular imaging, tumor imaging, and bone tissue damage imaging [3, [34] [35] [36] [37] .
Nanoparticle based CAs are an area of interest for industry due to the wide availability of clinical CT machines, and there are currently several clinical trials examining the safety of gold nanoparticle based contrast agents [38] . Although the use of iodine and gold nanoparticles is promising in molecular imaging, their primary role seems to be to provide better structural contrast and anatomic localization by targeting specific proteins or cell markers, as opposed to deriving metabolic or functional information. Furthermore, ionizing radiation remains a fundamental limitation of this technology when used for clinical studies.
Photoacoustic tomography
Photoacoustic tomography images differences in tissue optical absorbance via the delivery of laser pulses. The energy from the laser absorbed by the tissue heats the tissue causing thermoelastic expansion of tissues resulting in the emission of ultrasonic waves that can be detected using modified ultrasound equipment, and converted into an image. Current techniques enable a depth of imaging ranging from 6 mm to~5 cm, and resolution on the 10 um to mm scale depending on the marker used [4] . Photoacoustic contrast agents such as methylene blue, single-walled carbon nanotubes (SWNTs) and gold nanoparticles can be tagged to specific molecules, allowing for molecular-level imaging.
While there has been some recent interest in clinical applications of photoacoustic tomography in conjunction with ultrasound, the use of molecular contrast agents for photoacoustic tomography has largely been limited to preclinical studies, for example, 50-nm gold nanocages have been used to image sentinel lymph nodes in one study [39] , and 50-300-nm carbon nanotubes have been used to detect prostate cancer in rats [40] .
Photoacoustic imaging provides several benefits over fluorescence and bioluminescence imaging including deeper tissue penetration, lack of need for imaging agents, and higher temporal resolution. However, the technology suffers from an inability to penetrate bone or air filled structures, and a lower penetration depth compared to MRI, PET or CT.
Hyperpolarized MRI
Hyperpolarization refers to a process in which certain nuclei are aligned to a degree many orders of magnitude greater than is normally achievable under in vivo conditions. This leads to a magnetic resonance signal that greatly exceeds that which is otherwise available and makes qualitatively different applications possible, including imaging of gases and low-concentration biological molecules. If the non-equilibrium hyperpolarized state is to be useful for medical imaging, the alignment must persist long enough for the substance to be administered, arrive at the target organ or system, and perhaps be taken into cells and/or metabolized. Typically, the persistent state can be achieved only if several conditions are met. First, the nuclei must be what is known as "spin-1/2". Spin-1/2 nuclei have two distinct quantum states of orientation with respect to a magnetic field; all other classes of nuclei either have no magnetic moment (and are therefore invisible in MRI) or are susceptible to rapid reorientation by the large electric field gradients present in molecules and during atomic or molecular collisions. Second, the nuclei must be relatively segregated from all other magnetic moments, including unpaired electrons or magnetic nuclei on the same molecule. Third, any residual magnetic interactions with the nucleus to be hyperpolarized must be limited in duration or frequently randomized in direction, again in order to prevent loss of alignment in an extended nuclear precession around the depolarizing field.
As a practical matter, this limits hyperpolarization with biological applications to a few nuclear species that are found in in vivo ( He and 129 Xe. Of these, the gases have been used primarily for imaging of lung function, although molecular biosensors and imaging agents based on 129 Xe have been proposed. Agents based on the other nuclei (primarily 13 C) have been studied more extensively in molecular imaging applications.
Two straightforward methods have been developed for transferring polarization from light to atomic nuclei, and have been used extensively for atomic gases [41, 42] . Unfortunately, these techniques are not applicable to molecules [43] . This is primarily because the strong coupling between coherent rotational motion and nuclear spins cases rapid loss of spin alignment, but practical issues of chemical reactivity and shortlived electronic excited states are also difficult to overcome. There are two alternative approaches, however, that can lead to polarization of order unity of selected nuclei in biologically active compounds. These methods are dynamic nuclear polarization (DNP), and parahydrogeninduced polarization (PHIP).
Dynamic nuclear polarization (DNP)
DNP refers to a process in which the alignment of an unpaired electron is achieved at thermal equilibrium, and this alignment is transferred to a nearby nucleus via a process analogous to the Overhauser effect [44, 45] . In order to prepare a sample suitable for DNP, the molecule of interest is mixed with a small amount (1 part in 100 or less) of stable free radical that supplies the unpaired electron spin. This mixture is then placed in conditions of reduced temperature and elevated magnetic field sufficient to achieve near-complete electron alignment; as a rule of thumb, the magnetic field (in Tesla) divided by the sample temperature (in Kelvin) must be approximately 1 to achieve full alignment. As an intimate mixture of radical and target molecule is necessary for spin order transfer, and favorable DNP conditions generally imply a frozen sample, additional components may be required to assure a homogeneous (glassed) mixture [46] .
The transfer of polarization from electron to nucleus is accomplished by means of a microwave driving field tuned near the resonance frequency of the free electron in the chosen magnetic field. The mechanism of polarization transfer is complex and may differ between samples; however, the electron-nuclear interaction is typically described as one of three processes: the solid effect, the cross effect, and thermal mixing. The solid effect refers to a mechanism in which two closely-spaced magnetic dipoles, one electron and one nucleus, simultaneously invert orientations with respect to the field. Because the vast majority of electrons are aligned, this results in the net polarization of the nuclear ensemble. This process is greatly suppressed by the large energy difference between electronic and nuclear Zeeman transitions, and is only relevant because of the very large number of coupled electron and nuclear pairs available in the sample. The cross effect refers to a related process in which one nucleus and two electrons, differing in frequency by approximately the nuclear Zeeman frequency, are excited simultaneously. Because this process is nearly energy-conserving, it is resonant over a duration consistent with typical solid state electron-nuclear couplings and is therefore quite rapid. However, the number of coupled three-spin systems with the appropriate resonance frequencies is relatively small; the relative contribution of solid effect and cross effect polarization is therefore dependent on the details of the sample's frozen state and external conditions such as temperature and magnetic field [47, 48] .
Under hyperpolarization conditions useful for molecular imaging studies, the distinction between the above two processes (and those involving more electrons) is obscured by the strong couplings between closely-spaced radical molecules. The polarization process is therefore best described by thermodynamic state transitions in the band-like electron system and couplings to the nuclear system. Incorporating aspects of the other two processes, this theory is termed thermal mixing. Although lacking an intuitive, conceptual explanation, the theory is well-established and successful, and is described in detail in the literature [47, 49, 50] .
Practical aspects of DNP for biomolecules
In choosing appropriate conditions for efficient DNP, it is important to consider the magnetic properties of the molecule to be polarized. Small biological molecules typically consist of carbon, oxygen and hydrogen, often contain nitrogen, and sometimes contain other elements (e.g., phosphorus or iron). As a general rule, a nucleus that is suitable for hyperpolarization is spin-1/2 (to eliminate rapid loss of alignment due to electric field gradients) [51] and is distant from other magnetic nuclei. The latter consideration is necessary to avoid loss of alignment due to strong magnetic interactions in solution, and as it is usually impossible to eliminate all intramolecular magnetism, small molecules (in which interactions change direction frequently due to molecular reorientation) are more successful than large ones. Taken together, these characteristics of polarizable nuclei have suggested use of the spin-1/2 isotope 13 C, as it can be incorporated into nearly all biomolecules in the magnetically isolated carbonyl, quaternary and carboxylic acid forms. Small carboxylic acids in particular are near-ubiquitous as TCA cycle intermediates, amino acids and in many other biologically central functions. For this reason, nearly all of the in vitro and in vivo work described in this review makes use of this class of molecules.
Suitability of a molecule for hyperpolarization by DNP is also determined by the physical properties of the bulk or dissolved compound. Because the process takes place at cryogenic temperatures, all molecules of interest are in the solid phase; however, the intimate radical/ biomolecule mixture necessary is best achieved through dissolution in the liquid. Substances that are gases at room temperature must be cooled or pressurized before mixture, and those that are solids must be co-dissolved with the radical in a suitable solvent. Furthermore, the tendency of many solutions to segregate upon freezing must be avoided, typically by transitioning past the freezing temperature very quickly, and in many cases including a 'glassing agent' in solutions that would otherwise crystalize.
Many molecules of interest, particularly those with hydrophobic regions, are sufficiently insoluble in water that the sample to be hyperpolarized must also include additional ingredients to facilitate increased concentration. Thus, although some general strategies are useful in classes of similar molecules, each sample preparation is somewhat individual and is optimized experimentally. A detailed discussion of this process is beyond the scope of this article, but it is described in detail in an excellent review [52] . It is worth noting that one compound, pyruvic acid, is highly favorable from all of the above points of view; it is a small (a three-carbon chain, molecular weight 88 Da) carboxylic acid, when 13 C-labeled in the 1 position the nucleus is remarkably isolated (the nearest magnetic nucleus is three bonds away) such that relaxation of the hyperpolarized state is slow [53] , the neat acid is liquid at room temperature and glasses without additional ingredients when frozen. Furthermore, pyruvate is metabolized rapidly by most cells, and the metabolic fate is indicative of cellular redox state and other biologically important factors. As is apparent in subsequent sections of this article, this fortuitous set of circumstances has led to pyruvate's central role in the development of hyperpolarized agents. The final aspect of DNP hyperpolarization under the user's control is the choice of radical species. In the development of the technology, several types of radical were explored, with considerable attention paid to nitroxide moieties and those derived from the triphenylmethyl (trityl) radical. In progressing to in vivo and human applications, the latter has become very commonly used, because it has the long electron T 1 and narrow linewidth required to facilitate high polarization under the conditions of low temperature and moderate microwave power used in commercial instruments. A hydrophilic derivative, termed 'OX063' is widely used for pyruvate and similarly hydrophilic substrates [54] . A slightly modified version, known as 'AH111501' or simply 'EPA' (for Electron Paramagnetic Agent), is used in human studies due to the ease with which it can be removed at acidic pH by simple filtration [55] . Other substrate species, including those with hydrophobic properties, are best polarized by other trityl derivatives with less polar functional groups, such as the acidified Finland species successfully used for DNP of frozen Xenon [56] .
However, a wide variety of other radicals, including those with similar electronic properties, may be suitable as well. Radicals derived from BDPA have been shown to behave similarly to the trityl family [54, 57] and may be synthesized in a more straightforward manner [58] . Nitrioxide radicals (eg., TEMPO [54] ) are well suited to higher temperature DNP and hyperpolarization of hydrogen, including that of water [59] [60] [61] . A variety of biradical species have been explored, with the hope of maximizing the cross effect [62] [63] [64] with judicious chemical shift and coupling values. In pyruvate, there has even been exploration of metastable radical species induced in the frozen pyruvate sample itself by ultraviolet light [65] . Although as yet not consistent with the high polarization required for effective in vivo use, such a strategy is very appealing as no additional species are required for DNP.
A few other experimental details have been found to affect the signal level or utility of DNP-derived hyperpolarized species; we mention these here and leave the details to the referenced literature. Inclusion of small concentrations of Gd chelates in the sample has been shown in increase polarization substantially, perhaps through its effect on radical electron T 1 [66] , although the potential for accelerated loss of polarization after dissolution must be considered [67] . The dependence of polarization on magnetic field and temperature have been explored as well, with the finding that lower temperature and higher field, while more technically challenging, yield generally superior results but require longer polarization times (typical small molecules can take anywhere from less than an hour to several hours to achieve maximum polarization at 1.4 K and 3.3 T) [68, 69] . This is not found to be true in all systems, however. Finally, certain hyperpolarized nuclei, especially those neighboring a nitrogen atom, require transport at elevated magnetic field to avoid substantial loss of polarization [70] .
Parahydrogen-induced polarization (PHIP)
Two alternate methods for liquid state sample hyperpolarization exist, termed Chemically Induced Dynamic Nuclear Polarization (CIDNP) [71, 72] and Parahydrogen-Induced Polarization (PHIP) [73, 74] . The former mechanism is based on a nuclear state dependence of the recombination rates of optically generated radicals; although it remains an active research area 50 years after its discovery, the level of polarization achieved and the diversity of target compounds are not yet such that in vivo or clinical molecular imaging applications can be considered. Compounds polarized using parahydrogen, on the other hand, have been used successfully in cell and animal studies [75] [76] [77] . Although recent efforts have been made to design an open-source PHIP polarizer [78] , in general the adoption of PHIP techniques currently lags behind DNP because of the lack of commercial instruments, difficulties polarizing small metabolic compounds because of the required chemical reaction, and the lack of development in ensuring a pure and safe end-product. Nonetheless, the method has fundamental advantages with respect to production rate and cost that may justify more widespread use in the near future.
Parahydrogen is the nuclear singlet state of hydrogen gas. Although not hyperpolarized, the gas contains a large degree of nuclear spin order and is easily produced at modestly reduced temperature through contact with a microscopically heterogeneous magnetic substance [79, 80] . After undergoing a catalyst-mediated, pairwise addition to an unsaturated substrate, this spin order often persists to a large degree. Subsequent application of a specialized NMR pulse sequence, analogous to the commonly-used INEPT polarization transfer technique [81] , results in near-unity transfer of spin order to hyperpolarization of a nearby 13 C [82-85] . Alternately, in a process called field cycling, the transfer may be effected by reducing the magnetic field such that the chemical shift difference approximates the internuclear scalar couplings [86, 87] . In either case, a level of polarization approaching or even exceeding that which is achievable using DNP [88] has led to the most detailed solution state hyperpolarized images produced to date [76, 86] .
Use in metabolic imaging, however, has been limited by the need for an unsaturated precursor of the agent of interest. In many cases this precursor does not exist or is not stable. Even in cases where a suitable precursor exists (e.g., for pyruvate or acetate), care must be taken to ensure that only the desired hydrogenation end-product is produced [89] [90] [91] . Furthermore, the couplings between the nucleus to be hyperpolarized and the para proton pair must differ by an amount that is large compared to other couplings to the target nucleus [92] . These requirements can generally be addressed by careful choice of reaction conditions and catalyst and by replacing nearby hydrogen by deuterium (or as appropriate, 14 nitrogen by the less magnetic 15 N). Details of the experimental design and catalyst choice can be found in the referenced literature, but we note that most experimenters have made use of a homogeneous Rh-based bis-phosphene catalyst [77, 88, 93, 89] , a plunging liquid jet reactor [94] in an ambient parahydrogen atmosphere of several bar, and somewhat elevated temperature (to speed the hydrogenation reaction) [88, 95, 96] . More recently, PHIP using a heterogeneous phase catalyst -consisting of platinum nanoparticles capped with glutathione ligands -was demonstrated, enabling easier removal of the toxic catalyst, a necessity for clinical imaging [97] .
Although not significantly metabolized in vivo, the first biomedical application of PHIP agents utilized hydroxyethyl propionate as an angiography or perfusion measurement agent [76, 86] . Use in molecular imaging was first demonstrated using succinate or its esters [77, 98, 99] , which are two-step hydrogenation products of acetylene dicarboxylate. Phospholactate has also been efficiently polarized using this method [89] , although biological activity has not yet been shown.
Two important modifications to this basic scheme have been introduced recently, and each has the potential to dramatically improve the PHIP process' flexibility and its utility in imaging. Reineiri et al. introduced a method to overcome the lack of suitable precursors for pyruvate and acetate [90] . In this scheme, an allyl or vinyl ester of the target molecule is para-hydrogenated, and the polarization transfer sequence operates over the ester bond to hyperpolarize the labeled carboxyl carbon. Finally, the ester is hydrolyzed, yielding a mixture of the hyperpolarized target and ethyl or propyl alcohol. In addition to allowing PHIP of pyruvate, this recipe may be generally applicable to carboxylic acids, greatly increasing the biological uses of PHIP.
Another novel technique was recently introduced by Adams et al. [100] , in which the spin order of parahydrogen is transferred to a target molecule during the residence time of a short-lived, catalyst-mediated complex. This method, termed 'NMR Signal Amplification by Reversible Exchange', or NMR-SABRE, has two significant advantages over traditional PHIP. First, the need for an unsaturated precursor is relaxed in that no permanent chemical modification of the target molecule occurs. This simplifies synthetic requirements while broadening the set of candidate compounds. Second, the same solution may be repolarized at will, subject only to availability of parahydrogen and catalyst spoiling. SABRE-polarized compounds have not yet been used in vivo for metabolic imaging, and isolation of the target compound remains a technical challenge. Nonetheless, these advantages (in addition to the low cost and~1 s polarization time characteristic of PHIP) suggest a variety of very useful applications in the near future.
Hyperpolarized MRI acquisition techniques

Hardware and equipment
The most important development in the field of DNP was the development of a fast dissolution method that rapidly melted the frozen polarized sample with minimal loss of polarization into a liquid state that could then be quickly delivered to an animal or specimen in the imaging magnet [101, 102] . This is accomplished by flushing the frozen sample with the dissolution solvent at high pressure (~10 bar) and temperature (~180°C). The most commonly used DNP polarizer that uses this dissolution method is the commercially available Hypersense polarizer (Oxford Instruments, United Kingdom). Generally it can polarize up to~200 μL of sample, limiting its use to studies in small animals. More recently, a larger commercially-available polarizer -SpinLab (General Electric) -was developed with a much greater throughput (4 simultaneous samples of volume greater than 1 mL), enabling HP imaging in large animals and humans [103, 104] .
The gyromagnetic ratio of 13 C (γ C ) is approximately four times smaller than that of the proton. As such, the MR system must be equipped with a broadband RF amplifier to transmit and receive the NMR signal for multinuclear spectroscopy and imaging. This option is available for many clinical and preclinical scanners. Additionally, the MR system needs to be equipped with transmit/receive coils tuned to the proper frequency. For hyperpolarized 13 C studies, surface coils [105] have been commonly used for many applications including cardiac [106] 
Pulse sequence and imaging considerations
Although hyperpolarization dramatically increases the initially available signal amplitudes, the MR data acquisition is highly affected by irreversible signal losses caused by T 1 relaxation back to thermal equilibrium and RF pulse excitations. This limits signal availability to only a brief period after introduction of the agent. Thus, the timing of the data acquisition is of key importance in order to obtain metabolite images with maximum signal-to-noise. For many hyperpolarized substrates, a 25-s delay from the start of the injection has been found to be appropriate as it approximately corresponds to the time of peak amplitude for the downstream metabolites (Fig. A) [113]. Accounting for signal dynamics is also important because for the image reconstruction it is typically assumed that the longitudinal magnetization is in steady state for each excitation; departure from this condition can introduce image artifacts or blurring. Variable flip-angle strategies have been proposed to ameliorate this problem, in which the flip angle is increased with each excitation to compensate for the reduction in available longitudinal magnetization. The goal of this strategy is to maintain a constant transverse magnetization throughout the image acquisition [113] . This approach requires accurate calibration of the coil's RF power, which is typically done by placing a labeled 13 C phantom inside the coil next to the subject prior to administration of the hyperpolarized agent. Ideally, the coil's B 1 map should also be obtained and incorporated into the reconstruction to improve image fidelity [110, 114] . This is particularly important when single-channel receive surface coils or multichannel phased-array receive coils are used for parallel imaging. More difficult to deal with is the potential for severe flow artifacts due to the presence of high concentrations of the administered hyperpolarized agent in the blood pool. Recently, a pair of symmetric flow-sensitizing gradients have been added to imaging pulse sequences in applications such as cardiac and abdominal imaging to suppress image artifacts caused by rapidly flowing blood and thereby improve the accuracy of the spatial information [115, 116] .
In order to address these challenges and limitations, many pulse sequences have been designed and implemented over the past few years that offer significant improvements with respect to standard gradient echo or spin echo schemes. This has been possible by exploiting the long T 2 and T 2 ⁎ relaxation times of 13 C species in almost all organs [76, [117] [118] [119] [120] as well as the sparse nature of the NMR spectrum in which chemical shifts of the 13 C species of interest span a wide range of the NMR spectrum (~100 ppm) [121] . The most desirable imaging pulse sequences achieve superior spatial coverage as well as high temporal resolution while providing three dimensional dynamic spectroscopic data for accurate and meaningful measurement of cellularity and metabolic pathways.
Global and local spectroscopy
The most basic pulse sequence used for hyperpolarized 13 C spectroscopy is the nonselective pulse-and-acquire sequence used to assess the time-course of the agent and metabolites within the detection volume of the RF coil [122] . This pulse sequence is ideal for applications such as the study of perfused organs and cells [106, 123, 124] where changes in flux and pool size of metabolites are being investigated. Spatial selectivity can be incorporated by adding slice selection over a region of interest. This method is useful for organ-specific applications [125, 126] as well as tumor xenografts [108, 109] . Other methods with 3D localization have been subsequently introduced including a Point RESolved Spectroscopy (PRESS) pulse sequence with a slice-selective 90°RF excitation pulse followed by two refocusing pulse pairs along the other axes [118].
Multi-echo approaches to chemical shift imaging
Single-point chemical shift imaging (CSI) that uses one RF excitation per sampled FID has been used most frequently for generating maps of individual metabolites [122] . However, it suffers from a long acquisition time (typically on the order of 10-20 s for a single slice with a 16 × 16 matrix size and 256 RF excitations). In hyperpolarized imaging, this necessitates the use of a low flip-angle which carries a significant signal-to-noise penalty. However, due to its simplicity and availability on most clinical and preclinical MR scanners, singlepoint CSI sequence is still a popular pulse sequence (Fig. B) [104] . Furthermore, its simplicity makes CSI relatively immune to artifacts; thus, even if higher resolutions or faster acquisitions can be achieved using other methods, single-point CSI can yield well-understood reference images for validation.
Alternatively, the long T 2 relaxation time of 13 C allows for a long readout duration, during which multiple echoes can be generated and spatially or spectrally encoded to reduce the acquisition time. Echo-planar Spectroscopy Imaging (EPSI) sequences [127] have been extensively used to image hyperpolarized 13 C metabolites. In these schemes, each readout is used to spatially encode the data while the accumulated phase between acquisitions associated with the chemical shift, which is not refocused by symmetric gradients, is used to encode the frequency information. Spatial encoding in this manner reduces the number of excitations significantly when compared to the single-point CSI sequence. For instance, a 16 × 16 single-slice image can be acquired using only 16 RF excitations, drastically reducing the total imaging time and permitting the application of higher flip angles. These improvements have allowed practical use of a 3D implementation of the sequence [128] . Further improvements to spectral information quality were found when using a double spin-echo implementation of EPSI [129] . This modified sequence has been used in many studies, including the first human studies of prostate cancer [103] . Multi-echo spiral readout trajectories with multiple interleaves have also been demonstrated for dynamic two-dimensional [130, 131] and volumetric imaging [107] . When compared to the Cartesian echo-planar spectroscopic read-out trajectories, spatial encoding can be performed more efficiently using a spiral readout trajectory. Additionally, spiral trajectories are less sensitive to motion artifacts, making them very robust for cardiac applications. Recently a concentric ring readout trajectory was introduced as another alternative to the echo-planar readout trajectory [132] . This scheme can be easily combined with parallel imaging for further acceleration, while offering improved acquisition speed and robustness to flow artifacts with respect to the echo-planar readout.
Instead of using phase evolution over multiple echoes to encode chemical shift information, it is also possible to use a least-square algorithm to iteratively decompose different chemical shift components of the NMR spectrum. This method, also known as Iterative Decomposition of water and fat with echo Asymmetry and Least square estimation (IDEAL) obtains spectral information by shifting the echo time (TE) [133] . The method is used extensively for selective imaging of water and fat in proton MRI; however it can be extended to a larger number of resonance frequencies if at least as many echoes are acquired as there are spectral peaks [134] . The reconstruction requires fewer echoes than an EPSI sequence but it demands prior knowledge of the location of the peaks in the NMR spectrum and a B 0 map to successfully separate the individual frequency components. The method has been successfully used with Cartesian trajectory gradient echo sequences for two-dimensional [135] and three-dimensional [136] single time-point imaging, spiral [137] and Echo-Planar Imaging (EPI) readout trajectories [138] for 2D dynamic imaging, and as a single-shot spin-echo sequence with multiple Cartesian readouts [122] for high resolution two-dimensional imaging. Reproduced from [104] .
The latter approach showed an over 30-fold reduction in imaging time compared to a conventional single-point CSI sequence.
Spatial-spectral excitation for chemical shift imaging
A completely different approach is to exploit a sufficiently large chemical shift separation between peaks to selectively excite individual metabolites. The advantage of this approach is that it eliminates the need to spectrally encode the NMR signal, thereby reducing the total imaging time and potentially offering higher signal-to-noise [138] . It can also facilitate efficient time-resolved imaging [128] in dynamic applications and in studies requiring triggering such as cardiac imaging [114] . Spatial spectral (SPSP) excitation is achieved by using composite pulses consisting of multiple lobes of short RF excitations accompanied by time-varying gradients (typically an echo planar gradient waveform). Spatial selectivity is determined by the shape of each RF pulse lobe, while spectral selectivity depends on the envelope of all the lobes. With a priori knowledge of the underlying spectrum, SPSP RF pulses can be optimized for hyperpolarized 13 C MRI to achieve superior spectral selectivity and minimal duration. Multiband RF pulses can also be designed to excite each metabolite with a different flip angle. This technique increases both signal longevity and metabolite SNR [139] [140] [141] [142] . SPSP RF pulses can be accompanied by the appropriate EPI readout strategy to support two-dimensional [138, 143] and three-dimensional [128, 144] time-resolved imaging, or by a spiral readout for multiline cardiac imaging [114], three-dimensional imaging [145] and time-resolved three-dimensional imaging of tumors [146] . The latter sequence generates high-resolution metabolite images with a single SPSP excitation pulse combined with a three-dimensional partial k-space spiral readout over multiple echoes generated via double spin-echoes, yielding a 2-s temporal resolution. The pulse sequence diagram is shown in Fig. C . Such RF pulses can be used for outer volume suppression in in vivo organ-specific spectroscopy [147] or with multi-echo approaches, such as the EPSI sequence for dynamic imaging [138, 139] .
Other approaches to chemical shift imaging
Given the large chemical shift separation between the 13 C species, the chemical shift displacement artifact (CSDA) can be exploited to acquire images of the individual metabolites in a single acquisition. Several studies have demonstrated this approach for gradient echo sequences with Cartesian readout trajectories [148, 149] in which the chemical shift separation between all peaks relative to the acquisition bandwidth is sufficiently large for complete spatial separation of their corresponding images. Alternatively, the severe smearing artifact of off-resonance peaks when using radial [150] and spiral [151] readout trajectories can be exploited to reconstruct images of a single resonance. While this approach provides images of all metabolites simultaneously, it can suffer from blurring if the T 2 ⁎ is shorter than the duration of the readout gradient. Thus, the approach constitutes a tradeoff; progressively lower bandwidth provides superior peak separation, but requires longer gradient durations with the potential for increased blurring.
CSDA can also be used along the slice selection orientation by using a small bandwidth frequency selective RF pulse excitation such that the displaced excitation band of the non-desired metabolites shifts outside of the coil [152] . This approach has advantages over SPSP RF pulses due its simplicity, but provides limited slice selection accuracy and the geometry of the coil and the subject size limits the imaging parameters.
Perfusion imaging
Imaging of perfusion (non-metabolized) agents is generally much less sophisticated than chemical shift imaging because it does not require spectral encoding. As such, single-shot Fast Spin Echo (FSE)
Accelerated imaging
Parallel imaging has been shown to yield significant reductions in acquisition speed and generally does not carry the signal-to-noise penalty that is observed in traditional 1 H MRI [132, 156, 157] . Another approach is to implement compressed sensing into the imaging sequence to exploit the sparsity of the NMR spectrum. Compressed sensing has been combined with single-point CSI [158], threedimensional EPI with SPSP excitation [159], EPSI and multiband SPSP excitation [160] . Up to a 7-fold reduction in acquisition time has been achieved, allowing efficient time-resolved, three-dimensional imaging.
Quantification methods
Quantification of HP data is not straightforward because, unlike with other modalities, the signal is not directly proportional to the concentration of the imaging agent or metabolite, and methods for absolute calibration have not been developed. Most studies to date have evaluated the data using one of two divergent methods: through quantification of signal ratios or by deriving fitting parameters from a kinetic model. Relative quantification typically reports the metabolite signal (area under the curve) normalized by either the delivered HP probe's signal, or the total carbon metabolite signal [161] [162] [163] [164] . The advantage of this method is that it is trivial to perform, but it limits a direct comparison between studies because the normalization does not explicitly account for the delivered probe concentration, transport mechanics, T 1 or RF-induced relaxation or other sources of signal variation.
The second approach generates kinetic parameters (enzyme kinetic rate constants) by fitting HP data to a set of differential equations that model the HP label exchange between the injected probe and converted metabolites. The most commonly used model is the two-site exchange model [108] , although there are a number of other models and analysis techniques that vary in complexity [165] [166] [167] . Deriving parameters from a fitted model has the advantage that it reflects a physical value (i.e., the rate constants) that can be compared to other studies. However, the generalizability of the results is limited by the constraints of the chosen model, and thus are in most cases more accurately described as apparent rate constants. Currently, there is no consensus on the ideal model that is applicable to all HP MRI/NMR studies, but development of such a model is necessitated by the current push towards clinical imaging [24] .
Hyperpolarized probes used for metabolic studies
A number of different probes have been successfully polarized over the years for their use in biological studies. As described in Section 3, the ideal probes are small, mobile molecules that have a relatively long T 1 relaxation time. Furthermore, a probe that is used for metabolic or functional imaging must also be metabolically relevant in the organ or tissue of interest. This section highlights the HP 13 C probes that have been most actively used in metabolic studies due to their ubiquity in the metabolism of many different tissues, or their specific applicability to assessing the tissue's state.
[1-
C]pyruvate
As alluded to in the earlier sections, the most widely used hyperpolarized DNP probe is [1- 13 C] pyruvate. Its physical characteristics make it an ideal probe for DNP. The labeled carbon is a carbonyl that is three bonds away from other magnetic species, minimizing dipolar coupling. As a small molecule, it also has low correlation times (τ C ), resulting in longer T 1 than larger molecules. As a carboxylate, it also has high aqueous solubility. These favorable physical properties enable high polarization (up to 60% polarization reported) and long T 1 of 40-60s [24, 168] . Moreover, biologically, pyruvate is an intermediate in several key metabolic pathways. Together, these physical and biological properties make [1- 13 C] pyruvate perhaps the most attractive HP imaging probe. Pyruvate is a downstream product of glycolysis, and serves as a key intermediate in several metabolic pathways (Fig. D) . It rapidly and reversibly catalyzes to lactate via the enzyme lactate dehydrogenase (LDH) [169] . Physiologically, conversion of pyruvate to lactate is determined by LDH activity and the ratio of NADH to NAD+ [170] . However, this does not imply that the HP [1- 13 C]lactate signal detected after HP [1- 13 C]pyruvate administration represents net conversion of the substrate. In fact, the observed metabolite signal is largely representative of label exchange between endogenous lactate and injected HP [1- 13 C]pyruvate [23] . As such, the observed signal reflects the endogenous lactate pool size and the redox state of the system. Many external perturbations or pathologies change the lactate pool, thereby allowing HP pyruvate to be used as a biomarker in many different pathologies, including acute injury, inflammation, or cancer [104, 124, 171, 172] .
Pyruvate is also reversibly catalyzed to the amino acid alanine via the enzyme alanine transaminase (ALT). In most tissues, HP [1- 13 C]alanine signal is substantially less than that of [1- 13 C]lactate, due to the lower activity of ALT, or the lower alanine pool size, compared to LDH and lactate, respectively [161, 173, 174] . However, HP[1- 13 [176] . Although the [ 13 C]bicarbonate SNR is too low to be easily quantifiable in most healthy tissues, it is prominent in the heart, which is much more energetically demanding than most other organs [177] . Because the acetyl-CoA is not labeled, its fate -typically incorporation into the tricarboxylic acid (TCA) cycle via the pyruvate dehydrogenase complex (PDC) or conversion to acetylcarnitine (ALCAR) -cannot be determined. Nonetheless, the use of HP [1- 13 C] pyruvate to study TCA cycle activity is possible in the liver and other tissues expressing pyruvate carboxylase (PC). This enzyme irreversibly catalyzes pyruvate to oxaloacetate (OAA), which can then be used as a substrate for gluconeogenesis or converted to other TCA cycle intermediates [178] . Due to the versatility of [1- 13 C] pyruvate, it can be used to study a wide variety of metabolic perturbations in many tissues. The most notable difficulty is that the signal-to-noise is too low to be useful in true tracer applications. Thus, metabolic perturbations by superphysiological agent concentrations (mM and above) must be considered. In some circumstances, this may limit sensitivity to disease and the relevance of quantitative physiological measurements [167, 179] . [181, 182] . This is particularly useful for studying cancers that disrupt oxidative phosphorylation. Nevertheless, until recently a limited number of studies have been performed using HP [2- 13 C]pyruvate because of the relatively low oxidative phosphorylation activity in many tissues.
[1-
C]acetate
HP [1- 13 C]acetate is typically used as a probe to study TCA flux and fatty acid oxidation. The enzyme acetyl-CoA synthase (ACS) rapidly converts free acetate into acetyl-CoA. The acetyl-CoA can then either enter the TCA cycle and its conversion to TCA intermediates can be followed, or it can be reversibly converted to acetylcarnitine (ALCAR) via the enzyme carnitine acetyltransferase (CAT), depending on the energy needs of the tissue [183] . As a probe, HP [1- 13 C]acetate bypasses the PDH complex, so unlike pyruvate, it provides a direct measurement of TCA flux. HP [1- 13 C]acetate studies are useful in tissues that prioritize fatty-acid metabolism as opposed to glucose metabolism, and consequently most studies have been done in the heart or skeletal muscles [184, 185] . D. (A) The fate of the 13 C labeled carbon-1 (red). In most organs, the label will be detected on the lactate, alanine, bicarbonate (via PDH). In the liver, the label can also appear on other TCA cycle intermediates via the enzyme pyruvate carboxylase (PC). Spectra from (B) fasted and (C) fed states of a perfused, isolated rat liver after injection of HP [1- [186] without the analytical difficulties arising from the large extracellular pyruvate signal. Alanine's metabolism varies by organ, but ALT is especially active in the muscle and liver, which play a key role in the Cahill cycle that shuttles alanine and glucose between the two organs [187] . A recent study has also used a modified alanine moiety, HP [1- 13 C]alanine-NH 2 , to specifically target aminopeptidase N, an enzyme that is upregulated in tumor angiogenesis [188] .
[
13 C]urea [ 13 C]urea has also been used as a HP probe. Unlike most other probes, urea is metabolically inactive. Instead, it has been used as a contrast agent or a perfusion agent. It is a promising alternative to traditional contrast agents (such as gadolinium) as it offers the unique advantages of high contrast (no background signal), more straightforward quantification, and minimal toxicity [115,119,120].
[1-
C]Dehydroascorbic acid
Dehydroascorbic acid (DHA) is the oxidized form of ascorbic acid (vitamin C); the relative concentration of the two can provide information on the intracellular redox state [189] . DHA uptake varies wildly by tissue, so it cannot be used as a universal probe [190, 191] . Unlike the other smaller metabolites, [1- 13 C]DHA also has a comparatively short T 1 (~20s) at high fields (9.4-11 T), so imaging at those fields requires fast imaging sequences; however, the reported T 1 at clinical MRI fields is much higher (~57 s), making studies at the lower field much more feasible [192, 193] . [194, 195] . The ability to image the fate of succinate would provide insights into many pathologies that affect oxidative phosphorylation [196, 197] [98, 99, 198] . Other attempts to polarize succinate have used ethyl groups to protect the terminal carbonyl groups. The resultant diethyl succinate has been polarized via both PHIP and DNP, with a reported T 1 of~38 s at lower field strengths (3 and 4.7 T) [77, 199] .
Other hyperpolarized metabolites
There are other less extensively studied molecules that have also been successfully polarized. One promising probe is [1- 13 C]bicarbonate, which rapidly converts into HP 13 CO 2 via the enzyme carbonic anhydrase [149, 200] . The ratio of bicarbonate-to-carbon dioxide can be used to derive tissue pH, which is a powerful biomarker for both acute and chronic pathologies [201, 202] . [U- 13 C 6 , U-2 H 7 ]glucose, which lies metabolically upstream of pyruvate, has also been successfully polarized, but its in vivo use is hindered by its short T 1 (about 10-13 s) and complex spectrum [203, 204] . For an exhaustive list of the molecules that have been successfully polarized, please refer to the comprehensive review by Keshari and Wilson [121] .
Hyperpolarized studies by organ system
A number of excellent reviews on the state of hyperpolarized DNP have been written in the past, each focusing on different aspects of the field. The review by Barnes et al. [48] focuses on the physics of DNP, those by Karlsson et al. [52] , and Keshari and Wilson [121] on the chemistry of DNP probes. Reviews have also been written with a particular biological or pathological focus, e.g., on cancer [205] or neurology [99] . However, none has described how HP studies have varied according to the different tissue or organ systems they have been used to assess. As such, this section summarizes the major HP studies by organ or tissue to characterize their metabolic profile for a given set of HP probes. This survey will also highlight the unique challenges that each tissue poses for molecular imaging. For example, probe delivery to the brain is limited by the blood brain-barrier, whereas the lung presents the challenge of the air-tissue interface. The section describes ex vivo, in vivo, and in vitro studies of the heart, liver, brain, prostate, kidney, lung, muscle, and breast.
Heart
Proton MRI is used quite often for structural cardiac imaging. In addition to its high spatial resolution, MRI's sensitivity to flow and ability to freeze motion during the cardiac cycle make it suitable for answering many clinical questions. Other nuclei, such as 31 P, have been used to obtain metabolic information about the heart in healthy and diseased states; however, given their low gyromagnetic ratio and metabolite concentration, in vivo application is fairly limited. Hyperpolarized 13 C MRI provides a new opportunity for real-time metabolic imaging of the heart. A number of isolated perfused and in vivo heart studies of small and large animals have been carried out to characterize the metabolic profile of the healthy heart using HP agents. Unlike most other tissues for which HP lactate labeling or HP alanine labeling is primarily observed, significant conversion of HP [1- 13 C] pyruvate to HP bicarbonate has been detected in heart [114, 161, 177, 206] . In healthy hearts, the detected HP bicarbonate reflects PDH flux, but not necessarily flux through the TCA cycle [177] . In the fasted state, when the heart switches to fatty acid oxidation as its primary energy source, a decrease in HP bicarbonate signal has also been observed [161, 179, 206] . Adding butyrate or octanoate (even-chained fatty acids) to the perfusate has produced a similar decrease in HP bicarbonate signal; moreover, the TCA flux measured via tissue extracts was unchanged, providing direct evidence for decreased PDH flux in the presence of fatty acids [177, 207] . Adding dichloroacetate (DCA), a well-known pyruvate dehydrogenase kinase (PDK) inhibitor, promotes PDH flux, yielding a stronger HP bicarbonate signal, as expected [183, 206, 208, 209] . Adding dobutamine, a selective β-agonist, increased PDH flux as well as TCA flux, as determined by HP [2- 13 C]pyruvate MR. This demonstrates that the different HP probes can be used to be assess different types of stress on cardiac tissue [183] .
Given that the heart can derive the acetyl-CoA needed for the TCA cycle from either pyruvate decarboxylation or β-oxidation, a number of studies have focused on using [1- 13 C]acetate's conversion to downstream TCA intermediates or reversible conversion to acetylcarnitine as another HP biomarker to characterize cardiac metabolism [185, 210, 211] . These in vivo studies in rats and pigs characterized the TCA flux using ratiometric modeling of HP acetate, acetylcarnitine, and citrate signals in healthy animals. More recently, HP [1- 13 C] butyrate was successfully used to characterize TCA intermediates in fed and fasted isolated perfused rat hearts and confirmed previous findings that the presence of fatty acids limits PDH flux without affecting TCA flux [207] . These HP markers have also been used to characterize a number of cardiac pathologies. HP [1- 13 C]pyruvate studies of ischemia-reperfusion in rats and pigs have shown a decrease in HP bicarbonate signal and an increase in HP lactate signal immediately after ischemia [212] [213] [214] . Partial recovery to baseline was observed 15 min post-reperfusion [212] , suggesting that HP [1- 13 C]pyruvate could serve as a marker for ischemia-reperfusion injury. The ratio of HP bicarbonate to HP CO 2 was also used to characterize this injury, and it was found that postischemia pH was about 7.12, compared to 7.20 in healthy rats [214] . An HP [2- C]glutamate, in isolated perfused ischemic rat hearts [214] .
In vivo HP [1- 13 C]pyruvate NMR also showed a decrease in HP bicarbonate production in a streptozotocin-induced type 1 diabetes model in rats [161] . These results confirm the well-established finding that the onset of type 1 diabetes decreases glucose oxidation and PDH flux [215] .
Although earlier studies were performed in perfused hearts and small animals, the adoption of modern pulse sequences and fast sequences has resulted in more in vivo studies, as well as studies in larger animals where the signal emanating from the heart chambers and the myocardium can be resolved. In addition to confirming the results from the previous studies, these in vivo studies have shown the particular region of the myocardium tissue from which the bicarbonate and lactate signals originate [115,144].
Liver
The liver is the largest gland and the most metabolically active organ in the human body. Unlike most organs, it is heavily involved in wholebody metabolism [216] . As such, a diverse set of metabolic pathways and HP probes has been studied in the liver.
The liver is largely responsible for gluconeogenesis, the process by which glucose is synthesized from lactate and alanine (as part of the Cori and Cahill cycles, respectively) when blood glucose level is low [187, 217] . An HP [1- 13 C]pyruvate study of the rat liver in the fed (high blood glucose) and fasted (low blood glucose) states demonstrated this process in vivo by detecting the expected decrease in alanine pool size via a decrease in HP alanine labeling in the fasted state [186] . The liver is also one of the few organs that expresses pyruvate carboxylase (PC) and phosphoenolpyruvate carboxykinase (PEPCK), allowing conversion of HP [1- (Fig. D) [178] . Changes in the PC flux and PEPCK flux after [1- 13 C]pyruvate injections in a type 2 diabetic mouse model demonstrated that this pathway could be exploited for longitudinal monitoring of diabetes development [218] .
Several other studies have focused on tissue non-specific metabolic pathways and how they differ in the liver. Using HP [1- 13 C]acetate injections, the acetylcarnitine pool size was shown to be lower than that in the heart [219] . HP [1- 13 C]alanine injection has been used to estimate the intracellular ratio of the pyruvate and lactate pools [186] . This technique is feasible in the liver, as opposed to most other organs, due to its relatively high ALT flux. Ethanol administration resulted in an increased lactate production rate in rat liver, most likely due to increased NADH availability after ethanol breakdown [126] .
A large number of hepatic studies have focused on tumor imaging. Hepatocellular carcinoma (HCC) is an aggressive primary tumor with extremely high morbidity and mortality [220] in which glutamine metabolism plays an important role. The conversion of HP [5- 13 C]glutamine to HP glutamate was shown can be a possible biomarker for cell proliferation in human hepatoma (HepG2) cells [221] . Other studies have shown that the conversion rates and the T 2 relaxation times of alanine and lactate from HP pyruvate are higher in HCC tumors than in normal liver, suggesting a potential set of biomarkers for tumor characterization [118, [222] [223] [224] . Another in vivo study found that transcatheter arterial embolization (TAE) of HCC in rats lead to increased conversion of HP [1,4- [1- 13 C] pyruvate signal, most likely due to decreased blood perfusion [225] . The conversion of HP [1- 13 C]α-ketoisocaproate (KIC) to HP leucine was also shown to be associated with branched-chain aminotransferase (BCAT) expression, an enzyme that is more strongly expressed in HCC cells, compared to normal liver tissue [223] .
Brain
Many brain abnormalities can be clinically diagnosed with the structural information provided by conventional 1 H MRI, including multiple sclerosis, Alzheimer's disease, epilepsy, acute ischemic stroke and some high-grade brain tumors [137, [226] [227] [228] [229] [230] . 1 H, 31 P or 13 C-based MR spectroscopy (MRS), on the other hand, can be used to diagnose bioenergetics-linked disorders, including early signs of cancer [231] [232] [233] . In particular, the Warburg effect -i.e., increased aerobic glycolysis and lactic acid fermentation -can be exploited as a biomarker for tumor detection [234] .
While the clinical significance of 1 H − MRS in the detection of lactate in brain tumors is well established, in vivo imaging is limited by long acquisition times and complex spectra that are difficult to interpret [235] [236] [237] [238] [239] . Furthermore, exogenous contrast enhanced imaging is limited to small molecules due to the blood brain barrier, which metabolic substances must pass through for any neuronal or glial metabolism can occur [240, 241] . FDG PET has been clinically used with a high sensitivity in diagnosis of cancer in many organs [242, 243] , and the agent does pass through the blood brain barrier, but it lacks specificity in brain due to the intrinsic high FDG uptake in normal surrounding gray matter and low uptake in some tumor types [244, 245] . HP 13 C imaging overcomes many of these limitations, and as such has been demonstrated to be a viable brain imaging technique.
The earliest in vivo HP [1- 13 C] pyruvate study in rat brains with human glioblastoma xenografts showed a higher lactate-to-pyruvate ratio in tumor regions compared to normal brain tissue [238] . Furthermore, the two immunochemically distinct tumor cell lines (U-251 MG and U-87 MG) used in the study had different HP signal characteristics. This approach was extended to study the response of chemotherapy (Temozolomide) and it was found that a decrease in lactate-topyruvate ratio (day 1) preceded a decrease in tumor size (day 5 or 6), suggesting that this technique can be used to monitor tumor response to therapy [246] . This was further corroborated by a study using a PI3K signaling inhibitor (Everolimus) to treat implanted GBM that showed changes in HP lactate-to-pyruvate ratio about 7 days before any changes in tumor size or growth were detected [247] . HP [1- 13 C]pyruvate imaging has also been used to study C6 glioma, showing a higher lactateto-bicarbonate ratio, higher lactate, and lower bicarbonate than healthy rat brains [248] . Radiotherapy in the same model showed a decrease in lactate-to-pyruvate ratio 96 h post irradiation [249] . These studies suggest that this technology can be an effective alternative for brain cancer diagnosis and management. In that vein, [1- 13 C]pyruvate imaging was conducted on healthy nonhuman primate brains to study the translational feasibility of this methodology [125] .
The past decade of HP brain imaging has also seen the use of several 13 C contrast agents, both DNP-and PHIP-derived, for imaging different metabolic pathways. One early attempt at brain imaging used the PHIP technique for HP 13 C-succinate production and cancer imaging, but the resulting image had insufficient spatial resolution to distinguish the tumor [98] . Later, HP diethyl succinate PHIP was introduced for realtime hyperpolarization overcoming the poor transport of HP 13 C succinate across biological membranes [77] . Once decarboxylated inside the cell, entry into the TCA cycle is rapid. In a similar manner, [1- 13 C] DNP-polarized ethyl pyruvate traverses the blood brain barrier than pyruvate [250] and is metabolized post-deesterification. Finally, a simultaneous multi-agent (co-hyperpolarized [ shown that changes in choline-containing compounds, polyamines, and citrates can be used to improve assessment of cancer location in prostates, but these compounds cannot be easily identified using HP 13 C NMR/MRI methods [252] .
1 H HRMAS also showed elevated lactate and alanine concentrations in human biopsy samples of patients with prostate cancer [253] . In vivo imaging of these metabolites using 1 [254] , which has shown increased HP lactate labeling in multiple in vivo studies [172, 173] . The lactate signal (or lactate to pyruvate ratio) was also correlated with increasing tumor grade [255] . It is important to note that due to the small size and multi-lobar structure of a normal mouse prostate, the tumor lactate measurements in these studies were compared to lactate measurements from either the kidney or liver (unchanged in control and TRAMP cohorts). All of these findings were confirmed using emerging imaging techniques (Section 4), which further showed the heterogeneity of the tumor, especially in relationship to disease progression [255, 256] . Other TRAMP studies also demonstrated the use of HP [1- 13 C]pyruvate spectroscopy to extract kinetic parameters for this disease; however, it was found that the fitted rate constants were heavily dose-dependent in the simplistic model used [165] .
The findings from the in vivo TRAMP model have been translated to ex vivo and in vivo human studies. Ex vivo HP [1- 13 C] pyruvate studies using tissue slice culture (TSC) cells derived from radical prostatectomy specimens showed different metabolic ratios compared to patient biopsies. However, the trend in changes between the benign and cancerous tissue were similar in all the studies, i.e., increasing lactate with increasing cancer grade [257] . In 2013, the first in-man HP [1- 13 C]pyruvate study was performed in 31 patients with prostate cancer [103] . Being a phase 1 trial, its primary goal was to study the dose dependent effects of delivering HP [1- 13 C]pyruvate. The study confirmed the safety of the technique at the highest delivered dose of 0.43 mL/kg (of 230 mM agent), and demonstrated increased HP lactate/pyruvate in biopsy-confirmed regions of cancer, paving the way for further human studies (Fig. E) .
Although most work in the prostate has used HP [1- 13 C]pyruvate, other HP agents have also been used to study prostate cancer. HP [2- 13 C] fructose's conversion to fructose-6-phosphate via hexokinase was found to increase in the tumor region [258] . DHA was also used in the TRAMP model, and the ratio of DHA to DHA plus ascorbate was found to increase in the late stage of the disease [189] .
Kidney
Over the last decade, hyperpolarized 13 C NMR/MRI has been used extensively to study changes in blood flow and metabolism in the kidneys and renal system. The kidneys receive approximately 20% of the cardiac output, making high 13 C SNR easily achievable following intravenous administration of a hyperpolarized bolus. The metabolism of healthy kidneys has been characterized using hyperpolarized [1- 13 C] pyruvate, in a manner similar to other organ
systems. An in vivo rat study demonstrated significant conversion of HP pyruvate to both HP lactate and HP bicarbonate in the kidneys, while there was minimal conversion to alanine [259] . In another study, when pigs were given an oral sucrose load, it was found that the lactate to pyruvate ratio correlated with the blood glucose level, while all other metabolites of pyruvate remained unchanged [104] . In contrast to the metabolically active pyruvate, the metabolically inert [ 13 C]urea has been used to characterize blood flow and other functional parameters in the kidneys. An in vivo rat study using [ 13 C]urea showed more than a three-fold difference in renal blood flow compared to hepatic blood flow [260] . Another in vivo rat study demonstrated that the T 2 of [ 13 C, 15 N]urea in kidneys was greater than ten seconds, as opposed to 1.3 s in blood, likely due to deoxyhemoglobin-induced paramagnetic relaxation in blood [119] . Finally, an in vivo rat study demonstrated more rapid medullary [ 13 C]urea enhancement in the antidiuretic state, suggesting that [ 13 C]urea could be used as a marker for urea transporter UT-A1 activity [261] .
Hyperpolarized imaging techniques have also been used to characterize disease models in kidneys. Renal cell carcinomas (RCCs) are a broad group of tumors affecting the kidney that have been studied in some detail using hyperpolarized 13 C. In vitro HP [1- 13 C]pyruvate studies of two different RCC cell lines (UOK262 and UMRC6) and healthy proximal tubule epithelial (HK-2) cells have shown that the observed pyruvate to lactate ratio and the ratio of HP intracellular lactate to extracellular lactate (efflux ratio) can be used to distinguish the three different cell lines from each other [262, 263] . Furthermore, the HP lactate efflux ratio strongly correlates with MCT4 mRNA expression, suggesting its potential use as a biomarker for differential diagnosis of RCCs.
Acute tubular necrosis (ATN) is the most frequent cause of acute kidney injury, but there is no clinically available noninvasive tool to differentially diagnose ATN from other similar disorders, such as glomerulonephritis (GN). An in vivo mouse study showed that the conversion of hyperpolarized [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]fumarate to malate was significantly greater in the ATN cohort compared to the healthy or GN cohorts [264] , indicating that hyperpolarized [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]fumarate could be a useful biomarker in providing differentiable diagnostic information on the causes of acute kidney injury.
Hyperpolarized [1- 13 C]pyruvate has also been used to study metabolic changes in the renal system that follow the onset of diabetes. An in vivo rat study using a streptozotocin diabetes model showed a 149% increase in the lactate to pyruvate ratio of diabetic rats compared to control rats [265] . Another in vivo study demonstrated that reduced oxygen availability lead to a 23% and 34% increase in lactate and alanine labeling, respectively, in diabetic rats, whereas no such difference was observed in the control cohort. [266] .
Lung
Hyperpolarized 13 C metabolic imaging of the lungs is quite challenging because of low tissue density, high susceptibility/B 0 inhomogeneity due to air-tissue interfaces, motion, and the low metabolic rate of the lungs compared to solid organs [267] . On the other hand, the lung receives the full blood supply during each circulation and plays a key role in whole body homeostasis. As such, HP carbon MRI can be a valuable tool for evaluating lung metabolism and pathology. HP 13 C MRI was first used in the porcine lung as a contrast agent to demonstrate feasibility as an angiography tool for evaluating pulmonary perfusion and imaging of pulmonary vasculature [76] . Metabolic imaging, however, is most easily performed using ex vivo perfused lungs when evaluating the suitability of specific hyperpolarized agents in different pulmonary disorders. HP [1- 13 C] pyruvate spectroscopy of an ischemia-reperfusion model in perfused rat lungs showed a significant increase in HP lactate labeling after ischemia; the lactate labeling was restored to baseline levels approximately 30-40 min after reperfusion [174] . A greater than four-fold increase in HP pyruvate-to-lactate ratio was also found during the inflammatory phase of a bleomycin induced lung injury model in perfused rat lungs, which was well correlated with the neutrophil count via histology (Fig. F) [124] . Another HP [1- 13 C]pyruvate study investigated the mechanism by which ascorbate prolongs the viability of isolated perfused lungs [164] . It was found that ascorbate enhanced viability via interaction with the electron transport chain, as opposed to its more common role as a general antioxidant. HP signal dynamics and the response to perfusate contents in the healthy lung was addressed using a three-compartment model to confirm the experimental finding [268] that HP lactate labeling is primarily determined by the rate at which NAD + is reduced to NADH, and scales with the intracellular lacate pool size [167] . Current research is focused on moving towards in vivo HP 13 C lung imaging. The first such in vivo study in rats demonstrated an increase in HP lactate labeling in a radiation induced lung injury (RILI) model, compared to controls [269] . The results were consistent with lung inflammation, as measured from bronchioalveolar lavage.
Muscle
Several findings related to hyperpolarized metabolism in skeletal muscle have been ancillary to the main study focus on other organs (e.g., liver or kidney) or in comparison to those organs. In in vivo rat studies of the peritoneum, HP [1- 13 C]pyruvate HP alanine labeling was comparable to -or slightly greater than -HP lactate labeling in muscles [122, 259] . This metabolic profile is similar to the metabolic profile of the liver, but differs from that of the kidney, in which HP lactate labeling dominates. On the other hand, in vivo spectroscopy of porcine hind legs showed that HP lactate signal was about 2.5-fold greater than the HP alanine signal [122] . Given the lack of conclusive studies, it is reasonable to suggest the fate of the injected HP pyruvate may be highly dependent on the particular skeletal muscle being imaged, feeding status, or animal species.
A study specifically focused on skeletal muscle metabolism demonstrated that kinetic parameters derived from multiple bolus injections of HP [1- 13 C]pyruvate timed with a frequency-and amplitude-dependent stimuli-triggered activation of murine hind-limb muscles can be used for functional experiments of muscular activation (Fig. G) [270] . Another study in rats demonstrated that the conversion of [1- 13 C]acetate to [1- 13 C]acetylcarnitine could be used as a biomarker for metabolic activity in skeletal muscle studies [184] . Although this work only focused on modeling enzymatic activity of acetyl-CoA synthetase (ACS) in healthy rats, the technique could be useful in a variety of pathologies that affect ACS activity. A third study examined muscle metabolism of hind legs in rats during fed and fasted states using [1- 13 C]lactate [271] . The advantage of using HP lactate instead of HP pyruvate as a tracer is that the delivered concentration of lactate is in the endogenous range and can be used to study the pool sizes of pyruvate and alanine, which seem to increase and decrease, respectively, in the fasted state.
Breast
Breast cancer is the most common female cancer in the United States. It's also the second leading cause of cancer death in women [272] . Breast cancer is normally considered curable if found and treated at the early stages. In fact, the mortality has dropped by one-third as compared to 1990 [273] due to increased screening and improved targeted treatments. Hyperpolarized 13 C as an emerging imaging technique can be used to detect malignancy, tumor progression, and response to therapy.
Several in vitro HP carbon MRI studies have been performed to demonstrate the feasibility of detecting metabolism in live cancer cells. Modulation of the environment to hypoxic conditions and lower perfusion rates increased the observed rate of pyruvate to lactate conversion by up-regulation of the monocarboxylate transporter 1 (MCT1). Conversely, a MCT1 inhibitor suppressed the conversion rate [123] . Treatment with mitogen-activated protein kinase (MEK) U0126 in both prostate and breast cancer cells showed significant decrease in the conversion of pyruvate to lactate in MCF-7 breast cancer cells, but not PC3 prostate cancer cells [274] .
Breast tumor growth has also been monitored using HP MRI in in vivo mouse models. Models derived from several cell types, and their respective HP [1- 13 C] pyruvate to HP lactate kinetic parameters, have been compared to better understand the relationship between aggressiveness and the observed lactate labeling rate [24] . In another HP [1- 13 C]pyruvate study it was shown that the apparent kinetic rate of LDH correlated well with tumor growth. Treatment with the antiestrogen tamoxifen delayed tumor progression, which correlated with the histological and in vitro LDH activity analysis [109].
Conclusion
The research community has made considerable advancements over fifteen years of investigating hyperpolarized injectable agents for use in medical imaging. Tangible progress has been made towards the goals of developing affordable HP MRI biomedical applications and robust use of this technology in human studies [275, 276] .
The technical improvements achieved by HP liquid MR research are clearly visible in labs around the world. In much the same manner as hyperpolarized gas technology a decade earlier, molecular imaging using DNP-hyperpolarized compounds has progressed from reliance on homemade equipment to the use of commercial devices suitable for in vitro and small animal work and finally to equipment that can safely and efficiently produce large samples appropriate for human trials. PHIP has also undergone a technical renaissance, as the field has been reenergized by recent demonstrations of spin-order transfer in transient catalytic complexes and chemical modification of the hyperpolarized compound.
Just as important, novel imaging methods have been introduced that improve acquisition speed, efficient use of the hyperpolarized state, metabolite selectivity, spatial and temporal resolution, and immunity to motion artifact. Alongside this work has been a vigorous effort to extract the quantitative information (e.g., rate uptake and metabolic flux) necessary to attain a fundamental understanding of metabolic signals by combining the imaging results with kinetic modeling. Some of the most promising work highlighted in the organ-specific discussion relies on these image acquisition and analysis procedural improvements. For example, the primary focus in HP MR heart studies has been quantification of PDH flux and its modification with physiological stress or pharmaceutical intervention. Similar efforts have been pursued in isolated, perfused organs, for which the arterial input function is known, and in brain and liver, for which it is measured. These studies have already yielded unique quantitative metabolic flux and exchange data as well as detection of low-concentration intermediates, and can naturally be extended to quantitative perfusion and quantitative flux studies in any organ and in tumors.
The central challenge moving forward will be the translation of sequences and modeling techniques suitable for quantification into the clinic, with the aim of better understanding the relationship between these new measurements and human disease. Human studies have begun after the successful phase I trial that demonstrated the initial safety of the HP technique at the University of California, San Francisco in 2013. As of this writing, these translational efforts are being pursued at two sites worldwide. That number will grow dramatically in the immediate future as the solutions to technical and regulatory challenges are disseminated.
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